A great deal of research involving multidisciplinary approaches is currently dedicated to the understanding of brain function. The complexity of physiological processes that underlie neural activity is the greatest hurdle to faster advances. Among imaging techniques, MRI has great potential to enable mapping of neural events with excellent specificity, spatiotemporal resolution and unlimited tissue penetration depth. To this end, molecular imaging approaches using neurotransmitter-sensitive MRI agents have appeared recently to study neuronal activity, along with the first successful in vivo MRI studies. Here, we review the pioneering steps in the development of molecular MRI methods that could allow functional imaging of the brain by sensing the neurotransmitter activity directly. We provide a brief overview of other imaging and analytical methods to detect neurotransmitter activity, and describe the approaches to sense neurotransmitters by means of molecular MRI agents. Based on these initial steps, further progress in probe chemistry and the emergence of innovative imaging methods to directly monitor neurotransmitters can be envisaged.
Introduction
Numerous research efforts have been dedicated to the understanding of various aspects of brain function. Multidisciplinary approaches have been developed to study the complex phenomena underlying neural signalling, computing and plasticity of the brain. Formerly, characterization of signal propagation through electrical impulses and a variety of chemicals has been performed involving moderate to highly invasive electrophysiology and electrochemistry methods. 1, 2 The development of novel imaging techniques has brought a new momentum in neurosciences, allowing whole brain coverage and detailed non-invasive investigations. 3 Amongst these, magnetic resonance imaging (MRI) is probably the most preferred choice as it enables mapping of neural events with excellent specificity, spatiotemporal resolution and unlimited tissue penetration. Its functional variant, fMRI, is currently the mainstay of neuroimaging. Although extremely common and useful, fMRI experiences drawbacks related to the physiological origin of the signal. Namely, it provides indirect measurement of neural activity, observing phenomena in the brain vasculature. 4 During neural activity, blood oxygenation changes and causes the spin alteration of heme iron. Due to the increase in the ratio of paramagnetic iron, the local field homogeneity changes can be detected in an MRI experiment, thus revealing the active brain regions.
The direct monitoring of neural activity by means of MRI is a clear ambition of neuroimaging. Converting action potential changes into an MRI signal would evidently be an amazing accomplishment, yet the field still lacks the approaches which may ensure such measurements in a robust manner. 5 On the other hand, monitoring neurotransmitter release is becoming realistic and achievable; indeed a few approaches have been explored to date. Taking advantage of common NMR spectroscopy principles, neurotransmitters can be directly monitored by means of resolving their 1 H or 13 C spectra, resulting in magnetic resonance spectroscopy (MRS), a technique suitable for studies on living biological subjects including humans. 6 Alternatively, the chemical exchange saturation transfer (CEST) effect between the amine group of glutamate (Glu) and bulk water can be detected to result in GluCEST MRI. 7 Both of these approaches rely on the observation of NMR signals generated directly by neurotransmitters and experience limitations. MRS measurements need to be performed at high magnetic fields in order to increase sensitivity and resolution. On the other hand, utilization of the CEST MRI methodology is possible only for a limited group of neurotransmitter molecules which exhibit an observable CEST effect.
However, there are numerous possibilities to target neurotransmitters by means of MRI-detectable exogenous contrast agents, taking benefit of the knowledge and the tools of coordination chemistry and molecular biology. Such molecular MRI sensors will be capable of establishing a specific interaction with the desired neurotransmitter molecule. This recognition event, resulting in the formation of a host-guest complex between the MRI sensor and the neurotransmitter, alters the paramagnetic properties of the sensor which results in concomitant changes of the acquired MRI signal. The varying concentration of neurotransmitters during the neuronal signalling events can thus be detected through the activity of such bioresponsive or smart contrast agents (SCA). The consequence of their specific interaction with neurotransmitters is hence a change in MRI contrast that can be directly related to brain activity in a particular region.
In this review, we aim to survey approaches for direct MR imaging of neurotransmitters. We introduce the readers to the chemistry of SCA and discuss the major strategies so far explored in the design of neurotransmitter-sensitive SCA (NT-SCA), as well as the practical aspects related to their utilization in fMRI. Finally, we also indicate possible directions for further evolution to provide, hopefully in a close future, a very powerful tool to study brain function.
Neurotransmitters: function, chemical composition and detection
Neurotransmitters are chemical messengers involved in synaptic transmission. They are released by the neuron and bound to specific receptor proteins that are embedded in the postsynaptic neurons. This interaction with the receptors is typically transient and lasts from milliseconds to minutes. Although the reuptake of neurotransmitters is rapid, the consequence of their action on target cells can last considerably longer (i.e. several hours). 8 Substances involved in the synaptic transmission have very diverse chemical structures and properties. In fact, a molecule is classified as neurotransmitter if the following four criteria are met:
1. The molecule is synthesized in the presynaptic neuron. 2. It is present in the presynaptic terminal and is released in sufficient amounts to initiate a postsynaptic response.
3. When applied exogenously to the synapse in appropriate concentrations, the molecule yields an identical postsynaptic response as the one generated naturally by synaptic release of the endogenous neurotransmitter.
4. There exists a mechanism for terminating the postsynaptic interaction with the neurotransmitter.
Major classes of neurotransmitters involve ( Fig. 1 ): (1) amino acids, such as glutamic acid, g-aminobutyric acid, aspartic acid and glycine; (2) monoamines, such as dopamine, norepinephrine or noradrenaline and serotonin; and (3) peptides, such as vasopressin, oxytocin, leucine-or methionine-enkephalin. In addition to these three main classes, several small-molecule neurochemicals exist, such as acetylcholine, adenosine, adenosine triphosphate, arachidonic acid (AA), or nitric oxide, etc.
Numerous conventional analytical methods (mass spectrometry, voltammetry, liquid chromatography, electrophoresis, fluorescence, colorimetric assays) exist to detect neurotransmitters that provide selective and multi-analyte detection. 9 Combination with sampling
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Eva Toth is expert in the design and characterization of metal chelates for imaging applications. approaches has allowed in vitro studies on cultured cells, ex vivo measurements on brain slices, as well as in vivo monitoring of neurotransmitters and their dynamics. Extracellular concentrations for many neurotransmitters have been thus determined and fall in the range from pM to low mM. 10, 11 These conventional methods are highly invasive, often lack specificity and sensitivity, and provide poor spatiotemporal resolution and low biocompatibility.
Imaging of neurotransmitters
Imaging methodologies can circumvent many downsides of conventional analytical techniques used to detect neurotransmitters. Most importantly, imaging can provide noninvasive, repeated monitoring with a large spatial coverage and tissue penetration depth which makes it favourable for studying synaptic transmission. Clearly, each imaging technique has its own specificities with respect to resolution and sensitivity, as well as concerning the physical and technical requirements or the chemical nature of the imaging probes applied.
Fluorescence microscopic imaging
Optical microscopic imaging is widely applied in neuroscience. Both small molecule and genetically encoded protein sensors have been developed to sense neurotransmitters. 12, 13 Fluorescence imaging is appealing as it can provide sufficient spatiotemporal resolution (B1 mm and ms to s time scale) to assess activity at individual synapses in cell culture, brain tissue, and potentially in the intact brain. However, even with the development of multiphoton approaches and near-infrared dyes, tissue penetration does not exceed few millimetres. Among the most characteristic fluorescent probes to study neurotransmitter activity are fluorescent false neurotransmitters, small molecules capable of labelling synaptic vesicles and providing an optical readout of neurotransmitter release kinetics at individual synapses ( Fig. 2 ). For instance, the fluorescent dye 1 targets the vesicular monoamine transporter 2 (VMAT2), which then transports 1 to synaptic sites. Its release during firing leads to a fluorescence change related to neural activity. 14 In a different and more conventional strategy, the molecule 2 can selectively report on NA and DA. Due to its reactive aldehyde group on the cumarine derivative, 2 reacts irreversibly with these neurotransmitters providing an optical response, while remaining insensitive to secondary amines, such as epinephrine (adrenaline). 15 The probe was successfully used for selective microscopic imaging of NA in secretory vesicles and for discrimination between norepinephrine-and epinephrine-enriched populations of chromaffin cells.
Indirect imaging methods
Among the macroscale imaging modalities, positron emission or single-photon emission computed tomography (PET and SPECT, respectively) using radiolabelled ligands allows for indirect monitoring of neurotransmitter activity. In this case, binding competition is used to image and study synaptic neurotransmission. 16 It takes advantage of the interaction between radiolabelled metabolites or receptor agonists or antagonists and 
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the target receptor. Subsequently, information can be obtained concerning active receptors, their dynamics and regions where specific neurotransmitters are released. Although extremely sensitive and quantitative, PET and SPECT imaging lack spatial and often sufficient temporal resolution, requiring alternative imaging methods. In a similar fashion, MRI visualization of neurotransmitter receptors has also been proposed to image neurotransmission in the brain. The general principles and examples of this approach were recently summarized in another tutorial review by Sim and Parker. 17 Like the PET and SPECT tracers discussed above, these MRI contrast agents are targeted to neurotransmitter receptors, thus their molecular design is based on the conjugation of a receptor ligand to the MRI reporter. The specific binding of the conjugate to cell-surface or intracellular receptor targets yields in increased MR signal intensity. Evidently, signal intensity depends not only on the amount of the accumulated bound contrast agent, but also on its relaxivity and the magnetic field used (vide infra).
In this tutorial review, we intend to introduce the readers to a fundamentally different approach towards MR imaging of neurotransmission. It relies on a direct interaction between a bioresponsive MRI contrast agent and a neurotransmitter molecule and takes advantage of the capability of the contrast agent to alternate MRI signal via modulation of their contrast enhancing properties (proton relaxivity, CEST effect, etc.) in response to a given biomarker. Hence, this functional molecular imaging technique is distinct from those mentioned above in providing a more direct readout of the presence and concentration changes of neurotransmitters.
Responsive MR imaging

Mechanisms to modulate the contrast enhancing capability of MRI agents and design of responsive probes
Classical MRI provides images that are dependent on proton density and on the relaxation times of water proton nuclei. Paramagnetic substances can decrease, mainly via dipolar interactions, the nuclear relaxation times and this will enhance the image contrast. Among metal ions, mostly Gd 3+ and Mn ions (in +2 and +3 redox state), and to some extent high spin Fe 2+ and Fe 3+ received attention in the context of MRI. High electron spin and slow electronic relaxation are the two main features required for a paramagnetic metal ion to provide efficient nuclear relaxation enhancement. In this respect, with seven unpaired electrons (S = 7/2) and a symmetric S state leading to remarkably slow electron spin relaxation (T 1e E 10 À7 s), Gd 3+ ensures the best efficiency. Despite its smaller electron spin (S = 5/2), Mn 2+ remains a strong relaxing agent and has been under scrutiny for MRI use. High spin Fe 2+ complexes (S = 2) were recently proposed as magnetogenic probes 18 and importantly, BOLD MRI is also based on the relaxation effect of high spin heme iron of deoxyhemoglobin as endogenous contrast agent. 4 However, the nuclear relaxation efficiency of Fe 2+ complexes remains rather limited due to fast electronic relaxation (T 1e E 10 À12 s).
The majority of currently used clinical MRI agents are Gd 3+ complexes. In order to create a smart (activatable or responsive) probe for T 1 or T 2 -weighted MRI, the efficiency of the complex to accelerate water proton relaxation (relaxivity) needs to be selectively modulated by the biomarker of interest. Relaxivity is the term expressing the capacity of a paramagnetic substance to affect nuclear relaxation of surrounding water proton nuclei, and is defined as the paramagnetic relaxation enhancement of water proton relaxation rate per mM concentration of the paramagnetic ion. It is determined by various microscopic properties characterizing the paramagnetic metal complex as defined by the Solomon-Bloembergen-Morgan theory of paramagnetic relaxation. 19 Briefly, the relaxation enhancement of a paramagnetic ion is the result of dipole-dipole interactions between the electron spin of the metal and the nuclear spin of the proton and originates from two distinct mechanisms. The metal electron spin interacts with the freely diffusing water molecules yielding the outer sphere relaxation mechanism as well as with the water protons situated on the coordinated water, called inner sphere mechanism. This latter is much more interesting since it can be modified by varying the structure of the complex. Among the most significant parameters that affect inner sphere relaxivity, we cite (i) the number of water molecules directly coordinated to the metal ion (hydration number, q), (ii) the exchange rate, k ex , of these water molecules with the bulk water, (iii) the rotational correlation time, t R , of the complex and (iv) the electron spin relaxation times, T 1e and T 2e ( Fig. 3 ). Additionally in some cases, water protons in the second hydration sphere of the complex, hydrogen-bound to the ligand or to the inner sphere water, can also contribute to the relaxation effect (second sphere relaxivity). Second sphere relaxivity is governed by the same theory as inner sphere relaxivity. To create responsive probes, one or several of these factors has to be modulated by the interaction between the biomarker and the metal complex. Today, there is a vast literature on smart Gd 3+ -based agents that can detect metal ions, pH, enzymes, etc. 19 Most of these agents are based on changes in the hydration state or in the rotational dynamics of the molecule which are the most predictable and straightforward to modulate. These two parameters affect proton relaxivity very differently and this difference should be considered when designing responsive probes. The inner sphere relaxivity contribution is linearly proportional to the hydration number and this proportionality is valid at any magnetic field. On the other hand, the effect of the reorientational correlation time of the agent is fielddependent. At magnetic fields typically between 0.5-1 T, slower rotation (larger size and reduced flexibility) translates to higher relaxivity of the chelate, and the relaxivity of slowly rotating nanosized complexes can attain 20-fold values with respect to small chelates. On the other hand, at higher magnetic fields, the effect of rotational dynamics vanishes and the relaxivity is the highest for medium-sized systems. Given the increasing preponderance of MRI scanners operating at fields 3 T and above, it is more sensible to design responsive probes operating via modulation of the hydration number.
Genetically encoded, neurotransmitter-sensitive MRI contrast agents
It can be anticipated that designing bioresponsive MRI agent for molecular targets such as neurotransmitters is much more challenging than designing an SCA for small ion targets. Numerous studies have identified host molecules for many ions, whereas the choice of host molecules which specifically and non-covalently interact with other molecules, charged or neutral, is definitely poorer. Two approaches can be envisaged to tackle this problem, one involving host molecules developed by nature (i.e. proteins), and the second one involving supramolecular chemistry and artificial host molecules.
The first approach has been extensively explored by the Jasanoff lab in the last years. This group considered a naturally existing paramagnetic metalloprotein, the fatty acid hydroxylase flavocytochrome P450-BM3 which acts like a natural SCA. This protein contains a single heme-bound paramagnetic Fe 3+ (mixed spin 1/2 and 5/2) embedded in the binding pocket and coordinated to a water molecule. The natural protein form has high affinity for AA. The binding of AA to the protein replaces the water molecule in the binding pocket, thus reducing the protein's longitudinal relaxivity due to modulation of the hydration number (see previous section).
This observation constituted the starting point for a very intelligent methodology of directed evolution to result in potent NT-SCAs based on P450-BM3. 20 Namely, focusing on the heme domain of BM3 (BM3h), several mutation rounds by replacing one to two amino acids were performed, aiming to tune the affinity of the BM3h binding pocket for the monoamine neurotransmitter DA instead of AA. The screening procedure yielded two mutant proteins from the fourth and fifth evolution round denoted BM3h-8C8 and BM3h-B7. The mutations resulted in a 100-300-fold increase in DA affinity, in parallel to a B100-fold decrease in AA affinity. On the other hand, these proteins exhibited a certain affinity towards 5HT and NA, still 4-10 times lower than for DA (Table 1) . Importantly, DA binding to mutant BM3h could be followed with MRI as the protein saturation with DA reduced the longitudinal proton relaxivity, r 1 , to 85% of the initial value in both cases, providing K d values of 4.9 AE 2.7 and 2.7 AE 2.9 mM for BM3h-8C8 and BM3h-B7, respectively. 
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Subsequently, the potential of BM3h mutants to sense DA was assessed in MRI experiments using a standard cellular model of dopaminergic function. Finally, the use of this approach in in vivo functional MRI (fMRI) was demonstrated utilizing the sensor BM3h-8C8, with higher DA affinity over 5HT and NA. Solutions of BM3h-8C8 and wild type BM3h were injected into the two hemispheres of rat brain. The stimulation of brain cells was performed by depolarization with elevated concentrations of K + . The resulting DA release was monitored by T 1 -weighted MRI scans, and these results were compared to those during injection of low K + concentrations. The recorded results revealed a significant MRI signal difference between highand low-K + (translating to high-and low-DA release) periods, exclusively in the regions where BM3h-8C8 was injected ( Fig. 4 ). Encouraged by these initial results, the same research group applied another round of directed evolution of the protein. 21 The further modification of the BM3h active site resulted in several NT-SCAs with improved selectivity and low micro-to submicromolar affinity towards DA and 5HT (Table 1 ). Furthermore, protein crystallization in the absence and in the presence of DA or 5HT enabled structural characterization of these sensors (Fig. 5) . The X-ray crystallographic data revealed the existence of two mutants denoted BM3h-9D7 and BM3h-2G9C6 as very potent sensors for DA and 5HT, respectively. The former one, BM3h-9D7, exhibited high affinity towards DA even over 5HT and NA, while DA addition dramatically reduced its r 1 leading to virtually no signal produced by this contrast agent (Table 1) . Possessing such advantageous properties, this protein was used to demonstrate molecular fMRI in vivo. 22 The NT-SCA was injected in the ventral striatum of the brain and the cells were electrically stimulated to release dopamine. T 1 -weighted MR images were collected every 8 s during blocks of 16 s stimulation and 5 min rest periods. Comparison of the MRI signal intensities allowed tracking of the dopamine release from neurons and then its reuptake into the cells. In addition to the dynamics of this process, this method allowed quantitative mapping of dopamine concentrations in regions where BM3h-9D7 was applied.
Very recently, a serotinin-sensitive mutant BM3h-2G9C6 was used in another type of molecular fMRI study. The MRI sensor was co-injected with 5HT in its 'off' state, namely when exhibiting low r 1 relaxivity due to BM3h-2G9C6 association with 5HT (see Table 1 ). The activity of serotonin transporters was consequently followed by means of fMRI. 5HT reuptake could be imaged following the increase in the relaxivity of the sensor due to the replacement of the iron-coordinated 5HT by a water molecule. This switch to a 'turn-on' high relaxivity state is then detected as an increased MRI signal. The study revealed the threedimensional mapping of serotonin transport and provided spatially resolved estimates of serotonin removal rates. 23 These exemplary results demonstrated the full richness and potential of monitoring brain function with exceptional spatial and temporal resolution and with the molecular specificity of a NT-SCA. They also showed that imaging probes that are not able to cross the blood brain barrier, but are directly injected into the brain, can still be extremely useful to provide novel insights into fundamental neuroscience issues.
Synthetic, small molecule, neurotransmitter-sensitive MRI contrast agents
The other approach towards neurotransmitter sensing involves the use of artificial hosts applying concepts of supramolecular chemistry. While such synthetic molecular platforms might lack the specificity of engineered proteins for neurotransmitter recognition, their robustness, easier accessibility, and considerably higher relaxation enhancement efficiency might represent potential advantages. Although responsive Gd 3+ -based molecular imaging probes have been targeted to a wide variety of biologically relevant biomarkers, neurotransmitter detection has been only rarely addressed. As the single examples in this field, we have recently explored crown-ether appended Gd 3+ complexes. 24, 25 Our choice was to target zwitterionic amino acid neurotransmitters which include the most prevalent ones such as Glu (millimolar concentration range), which is excitatory at well over 90% of the synapses in the human brain, or GABA, the major inhibitory neurotransmitter. In this first approach, we did not seek for selectivity towards individual neurotransmitters within zwitterionic molecules; the objective was rather to monitor brain activity via the detection of the cumulative effect of concentration variation of several neurotransmitters.
When designing a host for zwitterionic neurotransmitters, one has to consider these molecules as bifunctional guests. The SCA has to provide specific binding sites for the protonated amine as well as for the deprotonated carboxylate function, which have to be separated at a distance suiting aor g-amino acids for Glu, Gly and Asp, or GABA, respectively. Only such divalent supramolecular interactions might enable sufficiently strong and specific binding of zwitterionic neurotransmitters with respect to endogenous competitors.
Various synthetic receptors have been examined for amine binding, including metal complexing agents, crown ethers, calixarenes, porphyrins, cyclodextrins, cyclopeptides, etc. 26 Among these, crown ethers represent a versatile class of artificial hosts for ammonium binding. 27 They typically bind primary and secondary amines via hydrogen bonds and size-discrimination has an important role in selectivity between primary and secondary amine and over other cations. Namely, 18-crown-6 has good affinity for primary amines, while larger crown-ethers favor secondary ammonium ions. Therefore, we used monoaza-and triaza-18-crown-6 ethers as amine recognition units. In the triazacrown, the position of the three nitrogen atoms corresponds to the symmetry axis of a primary ammonium cation which can promote the formation of three strong NÁ Á ÁH-N hydrogen bonds to increase selectivity for ammonium over K + ions.
The resulting smart contrast agents combined a coordinatively unsaturated and positively charged Gd 3+ chelate that acts as a host for the carboxylate function and an azacrown ether to bind the amine function of the zwitterionic neurotransmitters. The two entities have been conjugated via linkers that differ in their length (i.e. ethylene and propylene linker). In the absence of the neurotransmitter, one inner sphere water molecule is coordinated to the Gd 3+ ion, which will be replaced by the carboxylate function of the neurotransmitter, yielding a relaxivity decrease (''turn-off'' response) ( Fig. 6) .
As expected, a significant relaxivity decrease was observed, amounting to B80%, when zwitterionic neurotransmitters such as Glu, Asp and Gly are titrated into the contrast agent solutions (Fig. 7) . This is the result of the decreasing hydration number which was evidenced by analogous luminescence titration data using the corresponding Eu 3+ complex (q changes from 1.2 in the absence to 0.3 in the presence of 50 equivalents of Glu). On the other hand, the effect of non-zwitterionic neurotransmitters, like Ach, 5HT or NA is negligible. It is interesting to observe the size discrimination: GdL 1 with the shorter ethylene linker has selectivity for a-amino acids with respect to the g-amino acid GABA. GdL 2 containing a propylene linker is more adapted to GABA as shown by the 3-fold increase in affinity with respect to GdL 1 . The dissociation constants, extracted from the relaxometric titration data, are in the millimolar range which can be adapted to the detection of Glu concentration during neural Glu release. The triaza-crown derivative GdL 3 exhibited an improved affinity (three-fold) as compared to the monoaza-crown GdL 2 with the same linker, in accordance with the fact that the triazacrown is a better receptor for amines. In order to assess the steric requirements of ditopic neurotransmitter binding to these agents, density functional theory (DFT) calculations have been performed for the GdL 1 -Gly complex. 24 They showed not only that Gly can bind GdL 1 in a bivalent manner but also suggested that the interaction between the amine and the crown ether moiety provides a substantial contribution to the overall stability of the GdL 1 -Gly system.
However, selected endogenous anions appeared to be strong competitors binding to the metal ion in GdL 1-3 . The undesired interaction with bicarbonate (extracellular concentrations of about 25 mM) leads to a relaxivity decrease similar to that observed with neurotransmitters, while phosphate anions (extracellular concentrations of about 1 mM) did not interfere with GdL 1-3 . Achieving selectivity for amino acids over carbonate remains an important challenge. Logically, increasing the strength and thus the contribution of the amine binding to the overall affinity would be helpful. However, high affinity amine receptors are typically more elaborated synthetic structures and it can be very challenging to conjugate them to a Gd 3+ chelate in a way that neurotransmitter binding has also an effect on the relaxation properties of the agent.
Most importantly, GdL 3 could be used to image neurotransmitter release in acute mouse brain slices following neuronal stimulation. 25 To avoid saturation of the agent by carbonate, Fig. 6 The mechanism responsible for change in r 1 in crown ether-containing NT-SCA: ditopic binding of the amino acid neurotransmitter to the Gd 3+ ion (complexed in the red ring) and to the crown ether (blue ring) causes replacement of the inner sphere coordinated water molecule, thus reducing the r 1 of NT-SCA. Table 2 . normally present in the cerebrospinal fluid in much higher concentration than the neurotransmitters, we used an artificial cerebrospinal fluid which contains HEPES buffer instead of carbonate to maintain the mouse brain slices. Intense neural activity was promoted by adding high concentration KCl (40 mM) to the medium and MR images were recorded for a period of 12 min in different regions of interest. Signal intensity consistently decreased in the cortex, the striatum, and the hippocampus, without any significant change in the medium surrounding the brain slice. The hippocampus underwent the most important signal intensity-decrease, whereas signal change was delayed and less significant in the cortex and striatum (Fig. 8 ).
The signal intensity decrease observed in the presence of GdL 3 can be interpreted as a result of the decreasing relaxivity of the agent upon neurotransmitter binding. When the brain slices were pretreated with the sodium channel antagonist tetrodotoxin (TTX, 10 mM), no intensity change was observed. Indeed, TTX inhibits voltage-gated Na + channels and the generation of action potential required for stimulus-evoked neurotransmitter release in most neurons. These findings showed that Gd 3+ -based MRI agents can provide an alternative towards monitoring neural activity under biologically relevant conditions.
Practical challenges in functional molecular imaging using neurotransmitter-sensitive MRI probes
Along with the encouraging results in the field of NT-SCA, the practical challenges and current barriers should be also addressed. First, MRI is typically characterized by low sensitivity, thus it is important to consider the detection limit that one can achieve by using molecular MRI agents based on paramagnetic metal chelates. It is generally admitted that the effect of typical MRI agents becomes detectable on the images above local in vivo [Gd 3+ ] concentrations of 10-100 mM, which defines the lower limit of biomarkers that can be potentially visualized by typical molecular MRI probes. The concentration of neurotransmitters in the extracellular space (between neurons) covers several orders of magnitude. Although their normal concentration in the extracellular brain fluids is typically in the micromolar range, 10,11 the concentration of synaptically released Glu, the major excitatory neurotransmitter in the mammalian central nervous system, was estimated to reach the low millimolar level, 28 which is in the range that can be comfortably detected by MRI. We note that Glu concentration inside neurons of the brain is also in the 1-10 mM range; however, if the goal is to provide a functional molecular imaging method to monitor neural activity, neurotransmitter concentration changes occurring during neural signalling in the extracellular space represent the main target.
The delivery of detectable amounts of NT-SCA to the brain is also a challenging task. Ideally, minimally invasive or non-invasive methods should be used; however, so far all approaches rely on intracranial probe injections and hence the local spreading of the agent into the tissue. The delivery of NT-SCA to large brain volumes to achieve full brain coverage would be very important. Preferentially, this could be done through blood-brain barrier penetration, albeit hypothetically, genetically encoded NT-SCA could be expressed directly in the tissue of interest, as much easier solutions exist for gene delivery. For synthetic probes such as Gd 3+ complexes, the opening of the blood-brain-barrier by ultra-sound or by mannitol injection could be realized. 29 Finally, the temporal resolution of molecular fMRI must also be considered. MRI has certainly the best potential compared to other imaging methods which allow investigations in deep tissues (i.e. PET or SPECT), with a capacity to reach submillimetre and subsecond spatial and temporal resolution, respectively. 4, 30 Although the initial proof-of-principle studies were performed with a temporal resolution on a minute scale, 20, 25 recent in vivo experiments using BM3h-9D7 were done with 8 s temporal resolution (vide supra). 22 Principally, responsive T 1 -weighted MRI contrast agents allow monitoring dynamic events with subsecond resolution, provided changes in relaxivity (or T 1 relaxation time) are at least a few per cent. 30 On the other hand, recent work has shown that high temporal resolution is not always required to yield very important findings (e.g. to assess and quantify the reuptake rates of 5HT transporters). 23 
Perspectives for development of further NT-SCA classes
The previous chapters highlighted two distinct approaches in preparing bioresponsive MRI contrast agents which directly interact with neurotransmitters and can serve for reporting on their function in neuronal signal processing. Given the limited number of NT-SCAs developed so far, we want to explore possible directions for preparing more potent probes based on existing or entirely novel classes of agents. The following section will presume the main design principles which might arise from the currently established directions, while the emergence of entirely novel approaches to design NT-SCA would be welcome by the research community.
Genetically encoded, protein-based SCAs proved to be very efficient and capable of providing essential information on DA or 5HT fluctuations with high specificity. 20, 22, 23 They possess great selectivity and capacity for tuning the binding affinity for specific target molecules. However, the currently developed generation of mutants contains paramagnetic Fe 3+ , which gives rise to low longitudinal relaxivity of these proteins and hence low latitude for MRI signal change induction. 21 Instead of iron, using better relaxing agents such as Mn 2+ /Mn 3+ or Gd 3+ would be a logical and preferable choice (vide supra); their influence on water proton relaxation times and on the concomitant MRI signal would be stronger. In this line, Jasanoff and colleagues attempted making more potent NT-SCA which should display higher r 1 changes upon interaction with the desired neurotransmitter molecule. Using conventional protein engineering techniques, the porphyrin-bound ferric ion in BM3h, which is thought to exist primarily in a low-spin S = 1/2 state, was replaced with the manganese(III)-protoporphyrin IX complex containing a higher-spin (S = 2) Mn 3+ ion to result in the metalloprotein Mn-BM3h. 31 The applied modification improved protein stability and led to a two-fold increase in relaxivity (r 1 = 2.6 mM À1 s À1 for Mn-BM3h in comparison to r 1 = 1.3 mM À1 s À1 for the native ferric BM3h; 23 1C and 4.7 T). The addition of AA did not induce changes in r 1 , albeit optical titrations indicated AA binding to Mn-BM3h with high affinity (Table 3 ). After repeated mutation procedures similar to those previously made on native BM3h, a variant denoted Mn-C1634 exhibited AA-triggered changes in r 1 which are greater by a factor of 2.4 than those for the native BM3h.
This work pointed to a promising direction towards proteinbased NT-SCA which exhibit a robust MRI response to desired targets. It is obvious that the replacement of paramagnetic ions also changes the nature of the binding site in the protein; the consequence is usually a loss in the binding affinity for the desired target and thus the necessity to perform new rounds of directed evolution in order to re-refine the properties of the mutant. Even if tedious, this strategy could be potentially extended to the incorporation of other metals which are better relaxation agents in order to induce more robust MRI signal changes. In addition, techniques which involve de novo synthesis of metalloproteins sound promising and might bring exciting results in this direction in the near future. 32 On the other hand, when discussing artificial host molecules for neurotransmitters, one can build on the great amount of work that has been performed in the field of supramolecular host-guest chemistry. Numerous books and review articles have summarized interactions of various host molecules with cationic, anionic or neutral guests. [33] [34] [35] [36] While these data are essential for the successful design of artificial MRI sensors for neurotransmitters, some specific aspects, such as the host/guest charge, solvent effects and the mechanism of MRI signal generation require further consideration.
The majority of abundant neurotransmitters are amino acids or amines ( Fig. 1 ), hence one can identify a number of structures and functional groups as appropriate hosts. Receptors with amide/sulfonamide, urea/thiourea, pyrrol/imidazolium/ pyridinium, guanidinium or ammonium groups incorporated in podands, crown ethers, cryptands, calixarenes, spherands, cyclodextrins, cyclophanes, cryptophanes, etc. are known to form supramolecular assemblies with neurotransmitters. For instance, cyclophane-type and cucurbit[n]uril molecules 3-6 are artificial biomimetic receptors that interact with amine neurotransmitters such as Ach, DA, NA ( Fig. 9 ). [37] [38] [39] The downsides of this interaction are the lack of selectivity for a particular guest molecule, and more importantly, the decrease of binding affinity in aqueous solution. Indeed, many of the supramolecular complexes are formed through non-ionic interactions (hydrogen bond, anion-, cation-or p-p interactions) which are strong in nonpolar or polar organic solvents. In water solvent, however, many hosts exhibit very low solubility, or the complex formation becomes weak. [39] [40] [41] An additional hurdle with amino acid neurotransmitters is their zwitterionic nature. Biological receptors (enzymes and proteins) that bind amino acids possess combined positively charged regions and carboxylate groups at an appropriate distance for binding anions and cations, respectively. The design of artificial amino acid receptors follows an analogous principle by mimicking these interactions. To date, only a limited number of hosts have been described for zwitterions, as compared to the total number of artificial supramolecular hosts. Here we highlight a few structures which are reported to bind natural amino acids Phe and Trp, but also neurotransmitters GABA, Glu or Asp (Fig. 10 ). [42] [43] [44] All molecules 7-10 contain cationic and anionic or polar parts in order to accommodate the amino acid zwitterion, while the chemical nature of these moieties is quite diverse. For instance, the cation binding sites can be aza-crown ethers or ester carbonyl groups, while guanidinium, a cationic cage or terminal hydroxyl groups serve for anionic binding.
There is an additional issue beyond the appropriate NT-SCAs design that complicates faster progress in the field of smart MRI probes and requires serious considerations. As already described above, an NT-SCA needs to report on the presence of neurotransmitters through a change in MRI signal intensity.
After establishing an interaction with the neurotransmitter, the contrast agent has to generate an MRI signal which is dependent on the complex formation or dissociation. NT-SCAs described in this work have all achieved this through the modulation of the inner-sphere hydration of the paramagnetic metal upon neurotrasmitter binding. This is the most common, reliable and magnetic-field independent mechanism to design bioresponsive agents and should lead to further NT-SCA examples.
Other contrast mechanisms can be exploited too to create NT-dependent MR signal. The last decade has seen the emergence of a fundamentally different class of potential paramagnetic MRI contrast agents which operate on the basis of CEST. ParaCEST (paramagnetic CEST) agents are complexes of paramagnetic lanthanide or transition metal ions which possess paramagnetically shifted exchangeable protons but do not induce strong paramagnetic relaxation. 19 Except for Gd 3+ (strong relaxing agent) and the diamagnetic La 3+ and Lu 3+ , complexes of all other lanthanides are potential candidates as paraCEST probes. Among transition metal ions, chelates of Fe 2+ , Co 2+ and Ni 2+ have been mostly investigated. The exchangeable protons of View Article Online such paramagnetic chelates (typically amide-, amine-, alcoholic -OH or water protons) are in slow exchange with the bulk water ( Fig. 11) . During a CEST experiment, they are selectively saturated by radiofrequency pulses. Given their chemical exchange with bulk water protons, the saturation will lead to a decrease of the water proton signal intensity as well which can then be translated to MR contrast. When designing smart probes, one can play with the exchange rate, the resonance frequency and the concentration of mobile protons on the paraCEST agent to modulate the MRI signal as a response to a specific biomarker. 45 Many responsive paraCEST probes have been explored and some proved their utility in vivo. 46 Although sensitivity issues might be more important for CEST than for T 1 -weighted MRI, the millimolar concentration of Glu for instance, attained during neural firing, might be adapted to CEST detection. Recently, Parker et al. took a combined benefit of the relaxation and the shift inducing properties of lanthanides in a single paraSHIFT agent to achieve efficient in vivo imaging of highly shifted and fast relaxing protons. 47 To this end, they simultaneously optimized, for given magnetic fields, the nature of the lanthanide and the distance of the reporter protons on the chelate from the paramagnetic centre. This shifted the observed proton resonance to a spectral region which is far from the water and fat signals and thus has no background signal, and simultaneously accelerated relaxation and thus allowed for rapid pulsing in the MRI sequences. As a result, the sensitivity of chemical shift imaging could be increased by two orders of magnitude with respect to previous chemical shift imaging studies using diamagnetic molecules. This novel concept will likely be extended to the design of responsive imaging probes for the detection of various biologically relevant molecules.
Aside from 1 H, 19 F is another nucleus which attracts considerable attention in MRI as its detection sensitivity is comparable to that of 1 H. The absence of background signal in most tissues facilitates the observation of exogenous 19 F probes in vivo, however relatively high concentrations are required as compared to classical relaxation agents. 48 Both the 19 F chemical shifts, which expand over a range of 300 ppm, and the relaxation rates are highly sensitive to changes in the microenvironment which can be exploited for the sensing of various biomarkers, such as pO 2 , metal ions or pH. 19 F probes have been also conjugated to paramagnetic, mainly lanthanide complexes to enhance relaxation and therefore increase detection sensitivity. When the paramagnetic ion in the proximity of the 19 F nucleus is a very strong relaxing agent such as Gd 3+ , the 19 F signal is undetectable due to very fast relaxation and it becomes observable only upon cleavage of the Gd 3+ moiety from the 19 F label. Such a design was utilized for detection of bond-cleaving enzymes. 48 Principally, 19 F MRI has a good potential to produce NT-dependent signal changes in vitro, though in vivo translation seems difficult due to sensitivity limits.
Finally, the quickly growing field of hyperpolarized MRI can also offer additional means towards responsive imaging. Hyperpolarization of 13 C, 129 Xe, 3 He, 15 N or other nuclear spins results in signal enhancement by 4-6 orders of magnitude. While today it is mainly metabolic imaging that takes advantage of the use of hyperpolarized MRI based on 13 C probes, various approaches to derive biosensors based on hyperpolarized 13 C or 129 Xe have been already reported and will be certainly followed by novel examples. 49, 50 Responsive imaging using hyperpolarized nuclei is starting to emerge and might play an important role in near future. It is interesting to note for instance that 129 Xe and some amino acids can be considered as competitive binders to common hosts based on cucurbit[n]urils (example 6, Fig. 9 ). 39, 50 
Conclusions
Routine direct visualization of neurotransmission processes by imaging in deep living tissues would be a big step forward in the understanding of brain function. Fully materializing such a methodology is still a great challenge for contemporary science. Nevertheless, the first advances have been made in molecular fMRI to provide molecular level insights into the physiology of neuronal processing. In this Tutorial Review, we summarize the recent exciting progress in the field of neurotransmittersensitive MRI contrast agents which hold promise to greatly improve functional MRI and neuroimaging in general. Based on the main principles which govern MRI signal modulation by responsive contrast agents, we present engineered proteins and artificial neurotransmitter receptors as two chemically distinct approaches to design NT-SCA. In addition, we give a survey of potential artificial hosts and biotechnology techniques which can be useful for the creation of NT-SCA. With this, the article aims to familiarize researchers with different topics which are merging into a concerted effort to study brain function. Ideally, it will stimulate new ideas, aid interaction between scientists involved in different facets of this kind of research and encourage new approaches arising from complementary areas. Given the young age of this interdisciplinary research field, we expect Fig. 11 Metal complexes as paraCEST agents: the paraCEST effect originates from proton exchange between the bulk water and protons on the coordinated water molecules or on the ligand and is dependent on the proton exchange rate, k ex(H a ) and k ex(H b ) , respectively; if the NMR chemical shifts of H a -and H b -type protons are different, their paraCEST effects will be observed at different frequencies.
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that novel and emerging chemistry and biotechnology techniques will give rise to rapid progress towards the final goal: direct monitoring of neuronal processes by means of molecular functional MRI.
